Abstract The construction of ski-pistes can cause serious damage to all the components of an ecosystem and may therefore be considered as one of the main causes of human-driven environmental changes in mountain habitats. This study was aimed at assessing the responses of different ground dwelling arthropod assemblages (i.e. ground beetles, spiders and grasshoppers) to ski-piste restoration through hydroseeding with commercial seed mixtures. The soil, vegetation and arthropods of restored and un-restored ski-pistes and the adjacent grassland have been sampled at two high altitude sites in the north-western Italian Alps. The ski-piste soil was characterized by a higher skeletal content and, consequently, a lower amount of fine earth and organic matter than that of the undisturbed adjacent grassland. The plant cover of the restored ski-pistes was very low above 2,500 m a.s.l.; the vegetation cover below this threshold was higher in the study area, mainly due to the seeded species. The unrestored ski-pistes showed very large proportions of bare ground. The responses of the three ground-dwelling arthropod groups to vegetation conditions were different. GLMMs and IndVal analyses showed that all three groups avoided the unrestored ski-pistes plots, which were characterized by a very scarce vegetation cover, irrespective of the altitude. The low altitude plots of the restored ski-pistes, which were characterized by a high vegetation cover, had a significantly larger number of grasshoppers on the ski-pistes than on the adjacent grassland plots. Moreover, these restored ski-piste plots were used in equal proportion to the adjacent grassland plots by ground beetles but avoided by spiders. When ski-pistes become sufficiently revegetated by hydroseeded plants, they are colonized by grasshoppers and, to a lesser extent, by ground-beetles. Spiders, instead, do not colonize the pistes, thus demonstrating that they are the most sensitive arthropods and may therefore represent the best indicators of human-driven environmental changes in high altitude alpine habitats.
Introduction
The European Alps, like many mountain systems in the world, have to face multiple and increasing pressure on biodiversity due to the significant loss and degradation of natural or semi-natural habitats (EEA 2010) , because of changes in land use (Laiolo et al. 2004 ) and in climate (e.g. Wilson et al. 2005; Pauli et al. 2007) , as well as increasing human disturbance (Arlettaz et al. 2007; Thiel et al. 2007; Patthey et al. 2008) .
Skiing, in particular, represents a significant threat to local biodiversity because it leads to changes in land use that can significantly modify the characteristics of a habitat. The skiing industry is of major economic importance in the alpine region, and it has recently experienced a period of great expansion (Abegg et al. 1997; Elsasser and Messerli 2001; Wipf et al. 2005) . Several thousands of kilometers are used for downhill skiing in the Alps (Rolando et al. 2007 ) and in the Swiss Alps alone 220 km 2 are directly affected by skipistes (Amacher-Hoppler and Schoch 2008). The area above the treeline is of particular concern, because climate changes will probably induce operators and stakeholders to shift skiing activities and ski-pistes to higher altitudes (Elsasser and Messerli 2001; Fukushima et al. 2002; Bicknell and McManus 2006; Scott et al. 2008 ) where very sensitive ecosystems exists (Körner 1999) . The main impact of ski-slopes is on vegetation and soils, since the natural vegetation and most of the upper soil horizons are removed during the construction process (machine grading), to provide suitable slopes for skiers and to enhance the use of artificial snow (Mosimann 1985; Wipf et al. 2005; Isselin-Nondedeu and Bédécarrats 2007; Delarze and Gonseth 2008) . After machine grading, ski-piste soils become mineral substrates with a low organic matter content and poor water holding capacity (Krautzer et al. 2006; Burt and Rice 2009) . The altered soils, the harsh climatic conditions and the alpine plant species traits limit the development of the vegetation cover, thus leading to erosion and a further loss of soil organic matter. The control of erosion through the development of the plant cover is one of the essential aims of ski-piste restoration. The most challenging technique used to establish a vegetation cover at high altitudes is hydroseeding. The outcome of this restoration practice depends to a greater extent on the seed mixtures that are used and these are usually made of commercial grasses and legumes. Commercial mixtures are usually successful in producing a plant cover over the first few years, but often fail in the medium-long term, since a self-sustaining vegetation cover is only guaranteed through the use of ecologically adapted alpine species Klug et al. 2013) . For this reason, several efforts have been made to obtain high altitude adapted seed species, in order to establish a functionally sustainable and diverse plant community improving ecosystem functions and services (Burt 2012 and references therein) . The results of the use of alpine species for revegetation purposes have progressively been limited along the altitudinal gradient, confirming that the plant traits of the alpine species and in particular their very low growth rates, the production of a very low number of seeds and the insufficient agents of seed dispersal (Urbanska and Fattorini 2000) , result in severe restoration difficulties at higher altitudes .
Several papers concerning the impact of high altitude ski-pistes on animals, especially arthropods, have been published (Haslett 1988; Illich and Haslett 1994; Kopeszki and Trockner 1994; Rolando et al. 2007; Negro et al. 2010; Caprio et al. 2011; Kessler et al. 2012 ).
Ground dwelling arthropods in particular are disturbed because of the removal of soil and alpine vegetation. The low grass cover of ski-pistes is a serious hindrance to colonization by spiders, grasshoppers, and some carabid species (Negro et al. 2010) . The impact of ski-pistes on such arthropods is of concern because of their prime importance for alpine ecosystem functioning. For instance, spiders and most ground beetles are predators that play a key role in regulating populations of soil invertebrates and serve as prey for salamanders, small mammals and birds (Clarke and Grant 1968; Hance 1990) . Grasshoppers are primary consumers in most grasslands. Their importance in removing biomass and accelerating nutrient turnover has been demonstrated in alpine grassland (Blumer and Diemer 1996) where, during the summer, they become an important resource for typical alpine birds (Rolando and Patterson 1993; Rolando and Laiolo 1997) .
It can therefore be stated that the construction of ski-pistes can cause serious damage to all the components of an ecosystem, i.e. soil, vegetation and animals. Studies on the impact of ski-pistes have mostly been concentrated on soils (Freppaz et al. 2002; Gros et al. 2004; Pintar et al. 2009 ), and on vegetation (Delarze 1994; Van Ommeren 2001; Wipf et al. 2005) , or, more rarely, on the combination of soil and vegetation (Barni et al. 2007; Pohl et al. 2009; Martin et al. 2010; Roux-Fouillet et al. 2011) . The studies conducted on animals have not considered soil, and have only taken into account vegetation marginally (Laiolo and Rolando 2005; Rolando et al. 2007; Caprio et al. 2011; Negro et al. 2009 Negro et al. , 2010 Negro et al. , 2013 Rolando et al. 2013) . In this study, all three components of alpine ecosystems have been considered together for the first time. Two high elevation sites (2,400-2,700 m a.s.l.) at the top end of the same valley in the north-western Italian Alps have been focused on. The ski-pistes at the first site were hydroseeded in 1997 using commercial seed mixtures (henceforth reported as restored skipistes), whereas the ski-pistes at the second site were not hydroseeded (unrestored ski-pistes). A paired design of plots on the ski-piste and the adjacent control plots on natural grassland to sample soil, vegetation and arthropods, was used to assess the impact of ski-piste construction on all three components of the local alpine ecosystem. In this framework, attention was in particular focused on the responses of three different groups of ground-dwelling arthropods (ground beetles, grasshoppers and spiders) to ski-piste restoration by means of hydroseeding, through a comparison of the restored and unrestored ski-pistes. The aim was also to single out warning indicators, that is, taxa (arthropod groups or single species) that are extremely sensitive to changes in environmental conditions.
Materials and methods

Study area
The study was conducted on high altitude ski-pistes at the top end of the Lys Valley (Gressoneyla-Trinité resort), in the north-western Italian Alps (Aosta Valley, 45°51 0 22 00 N; 7°50 0 41 00 E, Fig. 1 ). The survey area is within one of the most important ski-districts of the Alps (Monterosa Ski), with 180 km of ski-pistes and an hourly flow of more than 50,000 people (www. monterosa-ski.com). The climate is continental with the mean temperatures varying from -3.6°C in the coldest month (January) to 12.7°C in the warmest month (July). The annual rainfall (1,202 mm average) can be defined as ''Sub-litoraneo alpino'' with two maxima in May and October and two minima in July and December-January (Mennella 1972) .
Pistes below the Bettaforca pass (between the pass and S. Anna) and the Salati pass (between the pass and the Gabiet lake) were studied. The ski-pistes were located above the timberline, between 2,430 and 2,750 m a.s.l., and they crossed typical alpine grasslands dominated by Nardus stricta, Carex curvula and Poa alpina graminoids and forbs such as Arnica montana, Geum montanum, Pulsatilla alpina and Trifolium alpinum. The environmental conditions on the slopes above 2,600 m a.s.l. limit the formation of soil and continuous grassland, and the ski-pistes cross patches of alpine prairies that alternate with debris.
The ski-pistes in the two sites are managed differently. The Bettaforca ski-pistes (1 main piste with several lateral ones) were hydroseeded in 1997 with a commercial mixture composed of Festuca rubra (50 %), F. rubra commutata (10 %), F. longifolia (15 %), Phleum pratense (10 %), Trifolium repens (5 %), T. pratense (5 %) and Lotus corniculatus (5 %). A mineral fertilizer was supplied during the hydroseeding (N/P/K 12/12/12, 30-40 g m 2 ), and manure was added once. The Salati ski-pistes (1 main piste with several lateral ones) instead were not hydroseeded.
Sampling design
Soil
The soil was only sampled at the Bettaforca site, in the summer 2009. Samples were collected in five plots along an elevation gradient between 2,200 and 2,600 m a.s.l. Two subplots in each plot, were established at comparable conditions (slope and aspect), one in the ski-pistes and one in the adjacent undisturbed alpine pastures. Soil profiles were described in both the ski-pistes and in the undisturbed sites and classified according to the USDA Soil Taxonomy (Soil Survey Fig. 1 Map of the study area in the Gressoney-La-Trinité ski resort (Aosta Valley region, NW-Italian Alps). The four altitudinal zones, into which the ski-pistes of the two sites (Bettaforca and Salati) have been subdivided, are shown in different colors. One main ski-piste and several lateral ones have been studied in both sampling sites Staff 2010). The uppermost soil samples (0-10 cm depth), corresponding to the A horizons, were sampled and analysed for carbon (C) 
Vegetation and arthropods
The vegetation and arthropods were sampled together, at the Salati site in the summer of 2007 and at Bettaforca in the summer of 2010. The arthropod data collected at the Salati site were also used in a previous paper (Negro et al. 2010) . Four altitudinal sampling zones were established along the ski-pistes on the basis of physionomic vegetation differences: zone 1, between 2,640 and 2,750 m a.s.l.; zone 2, between 2,530 and 2,640 m a.s.l.; zone 3, between 2,480 and 2,530 m a.s.l. and zone 4, 2,430-2,480 m a.s.l. (Fig. 1) . Three pairs of plots were randomly located in each sampling zone. Each pair included one 10 9 10 m plot located on the ski piste and one control plot of the same size located outside the ski-piste (about ten meters) in the adjacent undisturbed natural grassland at the same altitude, and with the same exposure and slope. A total of 12 pairs of plots were therefore sampled for each site for both the arthropods and vegetation.
Sampling of vegetation The vegetation parameters were recorded in a 2 9 2 m subplot randomly chosen within each 10 9 10 m plot. The following parameters were recorded in each subplot: occurrence and cover (%) of each vascular plant species, total vegetation cover (%), moss cover (%), bare soil (%), dry matter cover (%), and vegetation height (cm) expressed as the mean of 4 random measurements. The cover percentage values and the percentage area of bare soil were estimated visually. Species richness and plant species diversity (Shannon Index) were calculated for each subplot.
Sampling of ground-dwelling arthropods Four pitfall traps were placed in a square pattern in each 10 9 10 m plot, therefore leading to a total of 96 pitfall traps in each sampling site [4 zones 9 2 habitats (natural grassland, ski-piste) 9 3 plots 9 4 pitfall traps].
The mouth diameter of the pitfall traps was 7.5 cm and they were 9 cm deep. Four small holes (0.2 cm in diameter) were drilled 2.5 cm below the upper brim of the pitfall, so that excess rainwater could flow out. Each trap was filled with 150 ml of a mixed fluid (vinegar and salts) to preserve individuals (van den Berghe 1992). A flat stone was placed 3 cm above each trap to prevent rainwater from entering the traps. The exact location of the pitfall traps was established in the field by means of a Garmin eTrex global positioning system (GPS) navigator. The pitfall traps were installed in July and emptied on two week basis until the end of September.
Ground beetles, grasshoppers and spiders were sorted and identified, whenever possible, to a species level using updated standard keys or specialist works. Nomenclature follows Platnick (2013) for the spiders, Audisio and Vigna Taglianti (2004) for the ground beetles and Fontana et al. (2005) for the grasshoppers.
Data analysis
Soil
The soil data were analysed using a two-way permutation analysis of variance, with R software (R Development Core team 2012) and the lmPerm (Wheeler 2010) and multcomp (Hothorn et al. 2008) packages. The factors included in ANOVA were habitat type (grassland and ski-piste) and elevation (two levels of altitude, above and below 2,400 m a.s.l.).
Vegetation
The multivariate relationships between the seven vegetation variables measured on each 2 9 2 m subplot [dry matter cover, moss cover, vegetation cover, bare soil cover, species richness, vegetation height and Shannon plant diversity (expressed as H 0 ¼ À P p i Â log 2 p i where p i is the relative frequency of species i)] were explored in R (R Development Core team 2012) using the BiplotGUI package (LaGrange et al. 2009 ).
The results are displayed as a principal component analysis (PCA) biplot, where the variable loadings on the first two principal components are used to define vectors that provide a graphical representation of the relationships between the variables. The variate biplot on these two dimensions illustrates the direction in which the values of each variable in the dataset move relative to each other. The vectors cross at the origin (zero) of the axes, which is defined by the principal components, and represent the overall mean values. In the diagram of axis predictivities, the further right a vegetation variable appears, the better it is represented in the first (or horizontal) biplot dimension (PC1). The closer the variable is to the top of the diagram, the better it is represented overall in the biplot, if the contribution of both the first and the second biplot dimension (PC1 ? PC2) is taken into account. The marginal contribution of the second principal component is indicated by the vertical distance between the diagonal line and the variable (LaGrange et al. 2009 ).
In order to analyse how the percentage cover of each species differs according to site, zone, and habitat (grasslands and ski-pistes), a detrended correspondence analysis (DCA, Hill and Gauch 1980) was performed using R software with the vegan package (Oksanen et al. 2005 ; R Development Core team 2012). In this case, DCA was used because PCA with species data sets suffers from an ''arch effect or horseshoe effect'' due to the fact that species often have unimodal species response curves along environmental gradients (Legendre and Legendre 1998) . Hill and Gauch (1980) proposed DCA as a solution for the arching problem.
Ground-dwelling arthropods
Species overlap The species overlap between the natural grasslands and ski-pistes was described for each zone in each site, using a ternary plot (Koleff et al. 2003) , where the presence/absence of species in a focal habitat (grassland) compared to each neighbouring habitat (ski-pistes) was considered. The number of species that were present in both habitats was considered as the pairwise matching component a. The number of species that were only present in the neighbouring habitat (ski-pistes) was b, while the number only present in the focal habitat (grassland) was c (Raes et al. 2007 ). The total number of species for the pair of habitats was therefore a ? b ? c; in percentage terms, this means a 0 ? b 0 ? c 0 = 100 %.
Diversity differences between natural grasslands and ski-pistes The abundance and species richness of spiders (respectively N_ARA and R_ARA) and orthoptera (N_ORT; R_ORT) were computed for each pitfall trap (the trap was therefore the basic sample unit). The ground beetle assemblages could have been composed of species with contrasting ecological requirements so that ecological patterns could not be appropriately revealed (Negro et al. 2009 (Negro et al. , 2010 . Accordingly, the carabids were divided into three ecological groups on the basis of their wing morphology: macropterous (full-sized wings), brachypterous (reduced wings or wingless) and wing-dimorphic (species with both winged and short-winged individuals). The data on flight ability were obtained from literature (Brandmayr et al. 2005 ). However, since there were very few wing-dimorphic species individuals, this ecological group was excluded from the statistical analyses. Abundance and species richness for macropterous (N_MAC; R_MAC) and brachypterous species (N_BRA; R_BRA) was therefore computed separately for each trap. All the diversity parameters (N_ARA, R_ARA, N_ORT, R_ORT, N_MAC, R_MAC, N_BRA, R_BRA) were related to the categorical, explanatory variable ''habitat type'', via generalized linear mixed models (GLMMs, Zuur et al. 2009 ) in the R environment (R Development Core Team 2012), to test for differences between the grasslands and skipistes in each sampling zone.
GLMMs were used to account for the lack in normality of the dependent variables. This mixed procedure allowed a temporal variable (sampling period) to be included as a random factor in order to account for the variation that the variables introduced into the samples (and thus to correctly estimate the regression coefficients for habitat types), rather than to test for their direct effect on the dependent variables (as in Paschetta et al. 2012) . The resulting structure of the model was:
where Y = one of the diversity parameters (N_ARA, R_ARA, N_ORT, R_ORT, N_MAC, R_MAC, N_BRA, R_BRA); HT = habitat type (fixed effect). The random part of the model includes the effect of the temporal grouping variable (sampling period). A Poisson distribution was assumed for the abundance and richness data (i.e. count data), but, after having tested for overdispersion prior to model fitting (via the qcc package-Scrucca 2004), it was decided to fit the GLMMs assuming a negative binomial distribution, where appropriate.
The regression models were fitted by means of the glmmAMDB (Fournier et al. 2012 ) R package, selecting the natural grassland habitat type as the reference category. The outcome of the models thus consisted of regression coefficients for the remaining habitat type (ski-piste). These coefficients express the result of pairwise comparisons with the reference category, whose significance was assessed via Wald tests (Dobson 1990 ).
IndVal procedure The high specificity and fidelity of each arthropod species was explored between habitats (natural grassland and ski-piste) by means of the Indicator Value (IndVal) procedure (Dufrêne and Legendre 1997) considering the four altitudinal zones in both sampling sites separately. The IndVal was maximum when all the individuals of a species were found in a single habitat (high specificity) and when the species occurred in all the samples (in the present study, the traps) of that habitat (high fidelity). The statistical significance of the maximum IndVal was evaluated by means of a Monte Carlo randomization test (1,000 runs). The indicator species analysis was conducted using R software with the labdsv package (Roberts 2010; R Development Core Team 2012) .
Results
Soil
The ski-piste soil was clearly different from that of the adjacent natural grassland.The skeletal content and the bulk density in the A horizons were significantly higher in the ski-pistes than in the adjacent grasslands (p \ 0.001 and p \ 0.01, respectively). Conversely, the carbon and the ammonium contents were higher in the grasslands than in the ski-pistes (p \ 0.001 and p \ 0.05, respectively). Moreover, when considering the complete soil dataset, soil depth was significantly negatively correlated to elevation (r = -0.809; p \ 0.01), as was the depth of the B horizon (r = -0.973; p \ 0.05).
Vegetation
The PCA, used to explore the multivariate relationships between the seven vegetation variables (60 % of the variation in the dataset was accounted for by the first two dimensions), and DCA, used to consider variation in species composition, both gave useful information on the similarity or dissimilarity of the grasslands and ski-pistes at the two sites. As for as PCA is concerned, the axis predictivities diagram showed (Fig. 2) that the vegetation cover, Shannon diversity and the number of plant species were the best represented variables in the first dimension (PC1) and the best represented overall variables in the biplot, taking into account the contribution of both the first and the second dimensions (PC1 ? PC2).
The vegetation of the natural grasslands was very similar in the two sites. The Bettaforca and Salati centroids, relative to the grasslands, were placed all together on the right side in the PCA biplot (Fig. 3) , hence suggesting that the grasslands in the two sites were Fig. 2 Axis predictivities diagram. The further to the right a vegetation variable appears, the better it is represented in the first (or horizontal) biplot dimension (PC1). The closer to the top of the diagram, the better the variable is represented overall in the biplot, taking into account the contribution of both the first and the second biplot dimensions (PC1?PC2). The marginal contribution of the second principal component is indicated by the vertical distance between the diagonal line and the variable (LaGrange et al. 2009 ). h_veg height of vegetation, r_veg number of species, shannon Shannon plant diversity, veg_cov vegetation cover, mos_cov moss cover, soil_cov bare ground cover rather homogeneous (no significant differences were detected in the Mann-Whitney U tests for any vegetation variable). The original variable values along each vector indicated that the natural grasslands were characterized by a high plant cover (ranging from about 60 to 90 %), high species richness (about 25 species), a Shannon Index ranging from 1.5 to 2.5 and taller vegetation than 7.5 cm. The great plant homogeneity of the grasslands at the two sites was also confirmed by the DCA on the percentage cover of each species. The Bettaforca and Salati centroids, relative to the grasslands were placed together in the centerleft side of the DCA plot (Fig. 4) , near typical alpine pasture species such as Carex sempervirens, Nardus stricta, Trifolium alpinum, Geum montanum and Pulsatilla alpina, all of which were characterized by high cover percentages.
The vegetation of the ski-pistes was very different from that of the adjacent grassland because of the poor vegetation cover at higher altitudes or the presence of hydroseeded plants at lower altitudes. In the multivariate analyses, the centroids of the ski-pistes were Each symbol indicates the mean value (centroid) of three vegetation subplots and the label is a code that identifies the site (B = Bettaforca, S = Salati), habitat type (P = ski-piste, G = natural grassland) and zone (1, 2, 3 and 4). To facilitate the reading of the chart, the black circle indicates Bettaforca natural grassland, grey circle Salati natural grassland, black triangle Bettaforca ski-piste and grey triangle Salati ski-piste. Shaded areas indicate the density of individual vegetation surveys (higher with darker colours) underlying the vectors. h_veg height of vegetation, r_veg number of species, shannon Shannon plant diversity, veg_cov vegetation cover, mos_cov moss cover, soil_cov bare ground cover, dry_cov dry matter cover set apart from the centroids of the grasslands in both PCA (Fig. 3) and DCA (Fig. 4) . Contrary to what was observed for the natural grasslands, the structure of the vegetation of the ski-pistes was clearly different in the two sites., The centroids relative to Salati were found on the left in the PCA biplot (Fig. 3) , whereas those relative to Bettaforca were found on the upper side. The unrestored Salati ski-pistes were characterized by a low vegetation cover (about 25 %) and a corresponding high percentage of bare soil (about 75 %), low species richness (about 9), low Shannon index (about 0.7) and low vegetation height (about 4 cm). The restored Bettaforca ski-pistes were characterized by a higher vegetation cover (above 20 %), and with taller plant species (about 10 cm) while the Shannon diversity and species richness were similar to the unrestored Salati ski-pistes.
The differences between the high (zones 1 and 2) and low (zones 3 and 4) altitude zones at Bettaforca were apparent in the field, especially since the vegetation cover was low in the former and much higher in the latter. These differences were mirrored in the PCA biplot, with the centroids of zones 1 and 2 of Bettaforca being set near the centroids of Salati, whereas the centroids of zones 3 and 4 were not far from those of the natural meadows. Non-parametric tests confirmed the altitudinal differences for the moss cover (Mann-Whitney U test; z = 2.75, p \ 0.05), which was higher at higher altitude, for vegetation cover (Mann-Whitney U test; z = -2.40, p \ 0.05) and for the height of respectively. The name of the species uses the first three letters of the genus and the first three letters of the specific epithet (see also appendix 1). Each symbol indicates the mean value (centroid) for the three vegetation subplots and the label is a code that identifies site (B = Bettaforca, S = Salati), habitat type (P = ski-piste, G = natural grassland) and zone (1, 2, 3 and 4). To facilitate the reading of the chart, the black circle indicates Bettaforca natural grassland, grey circle Salati natural grassland, black triangle Bettaforca ski-piste and grey triangle Salati ski-piste vegetation (Mann-Whitney U test; z = -2.72, p \ 0.05), which was higher at lower altitude.
The plant community composition of the ski-pistes was also clearly different for the two sites (Appendix 1). The unrestored Salati ski-pistes were colonized by very few plants that are typical of debris, while the restored Bettaforca ski-pistes were revegetated by seeded native commercial species, such as Festuca rubra, Trifolium pratense, Trifolium repens and Trifolium hybridum, which, except for Festuca rubra, were absent in the natural grasslands (Appendix 1). This picture reverberates on the DCA biplot (Fig. 4) , with the Salati centroids being located at the center of the plot distant from any plant species, whereas the Bettaforca centroids were placed on the right, and were encompassed by hydroseeded species.
Ground dwelling arthropods
Arthropod assemblages
A total of 2,667 individuals, belonging to 39 different species (21 species of carabids, 14 species of spiders and 4 species of grasshoppers), were collected in the Salati site. Carabids were numerically predominant, as they accounted for 67.6 % of the total number of individuals, and were followed by spiders (23.6 %), and grasshoppers (8.8 %). In the Bettaforca site, 1,674 individuals, belonging to 38 different species were trapped: 18 carabids, 15 spiders and 5 grasshoppers (Appendix 2). The arthropod community, as a whole, was dominated by carabids (48.7 %), followed by grasshoppers (30 %) and spiders (21.2 %). The majority of the most representative taxa (25 species in the sample) was found in the two sites. The complete list of the arthropod species can be found in ''Appendix 2''. 
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Habitat factor estimates and statistical significance (GLMMs) for abundance and species richness, in relation to sampling site (Salati and Bettaforca) and four altitudinal zones, are shown in the table. Significant comparisons are in bold type Some species were considered of conservation interest because they are precinctive (or endemic) to restricted geographic areas. Six species are endemic to the Alps (Ocydromus rhaeticus and Oronebria picea among the ground beetles; Anonconotus alpinus among the grasshoppers; Zelotes devotus, Meioneta alpica and Sitticus longipes among spiders) and seven are restricted to the western part of the chain (Carabus concolor, Carabus latreilleanus, Cychrus cordicollis, Platynus complanatus, Pterostichus cribratus, and Pterostichus parnassius among the ground beetles; Coelotes pickardi pickardi among the spiders).
Species overlap
The Salati ternary plot showed very low percentages of species exclusive to the ski-pistes, regardless of which group or zone was considered. All the dots were in fact distant from the b' vertex, which means that the b'component was small, and hence that these were few species exclusive to the ski-pistes (Fig. 5) . The Bettaforca ternary plot showed a certain increase in species exclusive to the ski-pistes at a lower altitude. The dots representing the spiders and macropterous carabids in zone 4, for instance, were found closer to the b' than the c' vertex, which means that there were more species exclusive to the ski-pistes than species exclusive to the grassland (Fig. 5) . Fig. 6 Differences in mean abundance and mean species richness between the natural grassland and skipiste in the Salati site. The label is a code that identifies the diversity parameter (N = abundance, R = species richness) and arthropod group (ARA Araneae, ORT Orthoptera, MAC Macropterous carabid, BRA Brachypterous carabid) Diversity differences between natural grasslands and ski-pistes A significant overdispersion (overdispersion test, qcc, p \ 0.001 for all parameters) was detected for the abundance parameters (N_BRA, N_MAC, N_ARA, N_ORT) and models were thus fitted assuming a negative binomial error distribution. Poisson models were fitted for the richness (i.e. number of species) data (R_BRA, R_MAC, R_ARA, R_ORT) since the ratio between the observed and theoretical variance approached the unit value assumed in the Poisson distribution.
The results showed that most of the ground dwelling arthropods at Salati avoided, or rarely used, the ski-pistes. In fact, N_BRA, N_ARA and R_ARA were significantly higher in the natural grassland (set as the reference category) than in the ski-pistes in all the altitudinal zones considered, and the same trend was evident for N_ORT and R_ORT in the lower zone (Table 1) .
Conversely, the responses of arthropods at the Bettaforca site, diverged significantly. Spiders continued to avoid the ski-pistes in all the altitudinal zones, with N_ARA and R_ARA always being significantly lower on the ski-pistes than on the natural grassland. Carabids avoided ski-pistes only at a high altitude, where the abundance of both ecological groups (N_BRA, N_MAC) and the number of macropterous species (R_MAC) were significantly lower on ski-pistes than on natural grassland. Finally, grasshoppers, like spiders and carabids, significantly avoided the ski-pistes in the higher zones (1 and 2), but 
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Orthoptera Araneae
Anonconotus alpinus
Ski-piste 0.17
\0.05
Haplodrassus signifer Natural grassland 0.32
\0.001
Meioneta alpica
Natural grassland 0.13
\0.01
Pardosa mixta Natural grassland 0.17
Biodivers Conserv (2013) 22:2607-2634 2621 Carlo randomization tests (1,000 runs), are given preferred the ski-pistes in the lower ones (3 and 4), where the estimates changed from negative to positive (Table 1) . In order to graphically display the peculiar selective trend depicted above, we calculated for each group and zone the differences between the mean values of abundance and species richness in grasslands and those in ski-pistes. At Salati, differences were usually positive because grasslands housed more individuals and species than ski-pistes for any group (macropteros ground beetles a part) and zone (Fig. 6) . At Bettaforca, conversely, differences remained positive for spiders only, but reversed to weakly negative for ground beetles and strongly negative for grasshoppers in the lowest zones (Fig. 7) , indicating that ski-pistes of lower altitude were more attractive than natural grasslands for ground beetles and, especially, for grasshoppers.
Indicator species
Indicator species for habitat type (natural grassland vs ski-piste) were detected through the IndVal procedure. In general, species that significantly preferred ski-pistes were less numerous than those preferring natural grasslands, but the lack of balance was more evident at Salati where 10 species were indicators of natural grassland in at least one zone and 3 species were indicators of ski-pistes. At Bettaforca 7 species were indicators of natural grassland and 4 of ski-pistes (Table 2) .
Three species were shared between sites: the spider species Pardosa mixta always selected natural grassland (in the zones 2, 3, 4); the brachypterous ground beetle Carabus concolor was mostly an indicator species for natural grassland, with the noticeable exception of the zone 4 at Bettaforca, where it reversed its preference for ski-pistes; the grasshopper Aeropus sibiricus preferred natural grassland at Salati and ski-pistes at Bettaforca (zone 4).
Discussion
This study assessed the different responses of ground dwelling arthropods to differently managed ski-pistes, that have been restored by hydroseeding or unrestored.
The effects of the ski-pistes on the soil have been severe and results may presumably be extended to both sites, even though the sampling was only carried out at Bettaforca. The present analyses have shown that the soil of the ski-pistes was significantly different from that of adjacent grasslands. A higher skeletal content, and consequently, a lower amount of fine earth was found in the ski-pistes, suggesting that their construction has led to pedoturbation, with the moving of some stony material upwards from the sub-surface and a consequent increase in its content in the A horizons. Accordingly, less organic matter has been found in the upper organo-mineral horizons (A) of the ski-slopes compared to the grasslands, suggesting either a lower organic matter accumulation, due to a lower biomass production in the ski-slope soil, or a stronger dilution of the former soil organic matter caused by mixing mineral and organo-mineral horizons during the ski-slope construction process. These results are in keeping with those reported in previous papers (Freppaz et al. 2002; Gros et al. 2004; Barni et al. 2007; Pintar et al. 2009; Pohl et al. 2009; Martin et al. 2010; Roux-Fouillet et al. 2011) . Moreover, most of the soil properties in both the skipistes and in the grasslands seemed to be closely related to elevation. In particular the total soil depth and the depth of the B horizon significantly decreased at higher elevation, revealing how harsh environmental conditions may influence soil development.
The impact of ski-piste construction was also severe on vegetation. The unrestored skipistes at Salati were characterized by a poor vegetation cover and by the presence of very few plants that are typical of debris. Natural recovery, which depends on seed immigration from neighboring vegetation and/or more distant areas (Urbanska and Fattorini 2000) , was nearly almost totally absent at Salati partly because of the pedo-turbation of the soil and the shallow soil depth found at the high elevation. These results confirm that the revegetation process of high altitude ski-pistes is difficult, slow and does not lead to a sustainable community (Barni et al. 2007; Roux-Fouillet et al. 2011) . The impact of ski-piste construction may be mitigated by hydroseeding, a useful technique to create a fast soil cover which can counteract erosion and reduce the negative visual impact of bare ground. The present study has revealed that the vegetation cover of the restored ski-pistes at Bettaforca suffered from two remarkable limitations: it only grew below the altitudinal threshold of 2,500 m, and very few individuals and species coming from the adjacent alpine grassland occurred with the seeded ones. Therefore a hydroseeding intervention that was carried out in 1997, several years later produced, ski-pistes that were still predominantly un-vegetated above 2,500 m a.s.l. and which were vegetated by commercial plant species that were native, but different from the species growing in the local surrounding communities, below 2,500 m a.s.l.
The main aim of this study was to assess the responses of ground dwelling arthropods to a hydroseeding restoration intervention. The richness and abundance of these arthropod groups can be influenced by several biotic and abiotic factors such as vegetation structure, plant productivity and microclimate conditions as well as the physical disturbance of habitats due to anthropogenic activities (Perner et al. 2005) . Several studies, especially in agro-ecosystems, have predicted that arthropod abundance is influenced by plant diversity, although the results so far have been unclear and equivocal (Risch et al. 1983; Andow 1990; Koricheva et al. 2000; Perner et al. 2005 , Schaffers et al. 2008 . On the other hand, nutrients and the physical habitat condition, such as plant structural complexity or height of vegetation, can increase arthropod abundance significantly (Kyto et al. 1996; Kruess and Tscharntke 2002; Brose 2003) . However, the biotic factor that most successfully predicts arthropod community structure is still a matter of debate and it is likely that the drivers are different for different ecosystems and taxa. Other studies have suggested that vegetation cover for ski-pistes is the main driver of the presence of these arthropods, which avoid skipistes characterized by low vegetation cover (Negro et al. 2010 ). The present results confirm that the percentage and type of vegetation cover are important factors that influence the abundance and species richness of ground dwelling arthropods. Both the GLMMs and species overlap ternary plots have indicated that all three ground-dwelling arthropod groups avoided ski-pistes in the sites or zones with a low vegetation cover and high bare soil percentage. However, the responses of these groups to successful restoration by hydroseeding, namely high cover of hydroseeded species, were clearly different.
The diversity of grasshoppers was significantly lower in the plots of the ski-pistes with a low vegetation cover, but significantly higher in the plots of restored ski-pistes with a higher vegetation cover consisting of hydroseeded grasses. Several factors have been shown to influence the diversity of Orthoptera, including microclimate variables (temperature, humidity, light intensity, etc.), availability of food, structural qualities, oviposition sites, suitable hiding places, and the presence of predators (Joern 1982) . Several studies have examined the relationship between grasshopper assemblage composition and vegetation patterns in grassland ecosystems throughout the world (Kemp et al. 1990; Fielding and Brusven 1993; Wachter et al. 1998; Torrusio et al. 2002) . Although plant diversity and vegetation structure often positively affect grasshopper diversity, in most grassland ecosystems it is still not completely clear which vegetation characteristics are the most important (Haddad et al. 2001; Joern 2005) . Grasshoppers are mainly phytophagous insects: in the present work, it has been hypothesized that seeded plants provide more trophic resources than natural grassland for alpine grasshopper species in efficiently restored ski-pistes with a homogeneous vegetation cover and a greater plant biomass.
The diversity of brachypterous carabids was significantly lower in the ski-pistes with a low vegetation cover than in the neighbouring natural grassland, but there were no significant differences in the restored ski-pistes, especially in the lower altitude zones (\2,500 m a.s.l.), with a higher vegetation cover and significant growth of seeded grasses. These results are in agreement with the ''structural heterogeneity hypothesis'' according to which it is the structural heterogeneity of the vegetation rather than the taxonomic diversity of the plants, is the most important driving factor for large-bodied brachypterous carabids (Brose 2003) . In fact, large species (i.e. Carabus concolor, C. latreinneanus, Pterostichus cribratus) are more vulnerable to predation on the open plots and prefer dense vegetation, which can be found both in natural grasslands and in restored ski-pistes, to escape from natural enemies. No clear trend was observed for macropterous carabids. The differences in abundance and species richness between the two habitat types were almost never significant (with the exception of the upper zones in the Bettaforca site) for this ecological group. This result could be the consequence of the great dispersal power of these animals: macropterous carabids are known to be able to fly over large distances (den Boer 1970) and can thus easily and quickly reach ski-pistes from the neighbouring natural grassland.
The diversity of spiders remained significantly lower on the ski-pistes than on the adjacent grassland, regardless of the vegetation condition of the ski-pistes. The main proximal factors that affect the use of a microhabitat by spiders are microclimate, habitat structure, disturbance, prey availability, predation, and territoriality (Pearce et al. 2004 ). According to Samu et al. (1999) , the selection of microhabitats by individual spiders reflects a specific biological need or collection of needs, or reflects the avoidance of some factor, such as interspecific encounters. The spider may, for example, assess a microhabitat as a potential web site, oviposition site, overwintering site, or as a safe haven from predators during the inactive phase of a diel cycle, and these microhabitat needs may vary over time (Pearce et al. 2004 ). These two points of view suggest that neither unrestored nor restored ski-pistes present the structural and microclimatic conditions that alpine spider species need (but which can be found in neighbouring natural grassland).
In short, when ski-pistes become sufficiently revegetated, due to hydroseeding, they are particularly suitable for grasshoppers, but less so for ground-beetles. Spiders do not select ski-pistes at all irrespective of whether they are hydroseeded or not.
Another aim of this study was to single out indicators, that is taxa (arthropod groups or single species) which are extremely sensitive to changes in environmental conditions. The present results have demonstrated that spiders, due to their high sensitivity, are the best candidates to evaluate the effects of the construction and management of high altitude skipistes. In particular Pardosa mixta can be considered an indicator species (identified by IndVal Analysis) for natural grasslands, in both sites (Salati and Bettaforca), regardless of the vegetation cover of the ski-pistes and elevation. Ground beetles are also used as signalers. Several studies have documented changes in carabid assemblages due to habitat alteration such as forestry, wildfire, fragmentation and so on (Lövei and Sunderland 1996; Kromp 1999; Niemelä et al. 2007) , although the responses have not always been clear. Another problem is that in many of these studies, carabids did not act as early warning indicators because they did not indicate any environmental alterations before they became visible to the naked eye (Koivula 2011). Despite these limitations, in this study area Carabus concolor, a brachypterous carabid species endemic to the Monte Rosa Massif, responded very well to the different vegetation conditions (IndVal Analysis). In the unrestored ski-pistes at Salati, C. concolor always selected natural grassland, whereas in the restored ski-pistes at Bettaforca, this species selected the natural grassland at a high elevation and weakly selected ski-pistes at a lower elevation (where the hydroseeded grass cover was high).
Conservation considerations
This study has shown that ski-piste construction causes long-lasting damage to soil, vegetation and ground-dwelling arthropods in high altitude alpine ecosystems. This fact is of particular conservation concern because several thousands of kilometers of ski-pistes exist in the Alps and the number is still increasing. Moreover, in order to accommodate climate change effects, in the future ski-pistes could be constructed at higher altitudes, where ecosystems are even more fragile and vulnerable. Restoration of ski-pistes by hydroseeding using commercial seed mixtures cannot be considered a panacea because it has shown good results but only below a certain altitudinal threshold (about 2,500 m a.s.l. in the present study area). Moreover, when revegetation is successful, the seeded plant species are native but are different from those growing in the surrounding alpine vegetation. The seeded plant community is mainly made of grasses and is characterized by a simpler structure than that of the undisturbed one. Despite these limitations, hydroseeding might be useful, apart from the effects of controlling erosion and reducing visual impacts, for the conservation of certain groups of ground-dwelling arthropods, such as grasshoppers and, to a lesser extent, ground beetles. The precise reason why restored ski-pistes are used by these arthropods remains unknown but ski-pistes may be used as oviposition sites or safe havens from predators. The high densities of grasshoppers and, to a lesser extent, ground beetles found in the examined sites suggest that ski-pistes may be used as foraging or hunting sites. This may be good news for several alpine ski-resort areas where species of conservation interest occur. In the Gressoney valley, for example, at least one grasshopper and seven ground beetle species deserve protection because they are endemic to the Alps. IndVal analyses have shown that two of these species were helped by hydroseeding: Anonconotus alpinus (a grasshopper) and Carabus concolor (a ground beetle) have positively selected restored ski-pistes. Another grasshopper, Aeropus sibiricus, a global species with a European distribution restricted to mountains, has also positively selected restored skipistes.
It should be underlined that a few species used the ski-pistes independently from restoration interventions. This is the case of the macropterous carabid Amara quenseli and, paradoxically (because it is an exception to the rule) by the spider Coelotes pickardi, a subspecies that is endemic to the western part of the alpine chain. 
Appendix 2
See Table 4 . The label identifies the site (B = Bettaforca; S = Salati), habitat type (P = ski-piste; G = natural grassland) and zone (1, 2, 3 and 4). The grey boxes indicate the presence of the species Table 4 continued The label identifies site (S = Salati; B = Bettaforca), habitat type (P = ski-piste; G = natural grassland) and zone (1, 2, 3 and 4). A grey box indicates the presence of the species
